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Introduction
The urodele Sulumundru salumundru is widely distributed throughout Europe, North Africa and the Middle East (Thorn, 1968) . The species has undergone a major process of evolutionary radiation in the Tberian Peninsula, as evidenced by the fact that of the approximately fifteen geographical forms, described in the literature as "subspecies", at least nine are found in the Iberian Peninsula, eight of them being endemic to this region (e.g. Eiselt, 1958; Thorn, 1968; Malkmus, 1983; Garcia-Paris, 1985; Klewen, 1991; Joger and Steinfarz, 1994) . S. .sufumandtz exhibits an amphibian complex life cycle, with the exception that the eggs hatch prior to, or simultaneously with, parturition. Thus, females go back to the water to give birth to a relatively large number of already hatched offspring (ordinarily ranging from thirty to sixty). The newly born exhibit a characteristic larval morphology with external gills as well as other physical traits associated with their aquatic lifestyle. After a variable period of time, ranging from a few weeks to several months or years (e.g. Joly, 196X; Bas, 1983 ; Alcobendas, Castanet and Alberch, submitted), the larvae undergo metamorphosis to become fully terrestrial (see Duellman and Trucb, 1986 for a review of larval morphology in urodeles and amphibian metamorphosis).
This reproductive mode is usually referred to as "ovoviviparity" (Wake, 1982) . Our usage of the terms, ovoviviparity and viviparity, follows the tradition in the Sulumand~u literature (e.g. Joly, 1968; Fachbach, 1976; Warburg et al., 1979; ijzeti, 1979) . Such terms have a very specific meaning when applied to Sulumundvu, although they may not always be equivalent to the same terms when applied to other non amphibian taxa (Wake, 1982 (Wake, , 1993 Blackburn, 1994) .
S. sulumundru spends its post-metamorphic life in the forest floor of woodlands. In the Northern Tberian Peninsula -our study area -, the habitat of S. sulumundt-u is fairly homogeneous in terms of climatic conditions and vegetation types: relatively high humidity and rainfall levels, abundance of rivers, brooks and permanent, as well as temporary, small water bodies in beechwood and oak forests (Bas, 1983; Garcia-Paris, 19X.5) . Wolterstorff ( 1928, subsequently expanded and elaborated by Gasser ( 1975) and Fachbach ( 1976)) described a subspecies, S. sulumund~u hernardelezi from a region in Northern Spain (Asturias and Cantabria), which has completely ehminatcd the in S. .sulumuntiru C) Patterns of coloration characteristic of each subspecies. Numbers as in B. "h~~~~rrrd~zi" and "/i~v~uo.vtr" are always striped in dorsal coloration and smaller in body siye than the other two forms which exhibit a dorsal coloration of more or less regular blotches. aquatic larval stage (Fig. 1) . S.S. hrvnm~/~~i females give birth to a few fully metamorphosed terrestrial offspring (from just one to a maximum of fifteen individuals per parturition event: Dopazo and Alberch, 1994) . This unusual reproductive mode, for urodeles, is referred to as "viviparity" (e.g. Greven and Thiesmeier, 1994) .
In addition, Joly ( 1968) and Dopazo and Alberch ( 1994) have shown that populations ascribed to the subspecies S.S. firstuosa (Schreiber, 1912) exhibit inter- and intrapopulational variability that includes both of the previously described reproductive modes. That is, some females give birth to larvae while others to metamorphosed offspring. Dopazo and Alberch ( 1994) cvcn report single parturition events involving both, metamorphosed and larval siblings. Our study area, cxtcnding along the Northern side of the Tberian Peninsula, encompasses all of the outlined reproductive modes. Four races (subspecies) have been described from this area. Their morphology, characteristic patterns of dorsal coloration and approximate distribution are shown in Fig. 1 . Although this article questions the evolutionary meaning of the described subspecies as monophylctic assemblages, we use the names as descriptors of morphology and geographic distribution.
Besides the two reproductive modes (ovoviviparous and viviparous) defined above, coloration patterns sort the populations studied into two groups: S.S. &him and S.S. terrestris have a dorsal coloration of yellow blotches on a black background. S.S. gulluicu is characterized by sparsely distributed red blotches in addition to the yellow markings. S.S. galluica and S.S. tervwtris are larger in body size as well as ovoviviparous in reproduction mode. The viviparous S.S. hrvnardezi and S.S. ,f&tuosa, with a mixed reproductive mode, are smaller in body size and striped in dorsal coloration (see Figs. 1 and 2 for a summary or morphological and life history information). Although authors have assumed that the above subspecies were conspecific, there is no empirical evidence, besides morphological similarity, supporting the hypothesis of a single species. In fact, the striking differences in reproductive modes would question such an interpretation. Otherwise, the single species hypothesis constitutes a unique evolutionary system of intraspecific variability in life history patterns. A model system to address a fundamental issue in evolutionary theory: the origin of novelties that open up new adaptive realms (e.g. Nitecki, 1990) . The elimination of the aquatic stage from the species life cycle clearly constitutes a "key innovation". Hence, it becomes critical to adequately verify the status of the populations as a single biological species. We explore the patterns of geographic variability in allozymes in an attempt to reconstruct the evolutionary relationships between the populations exhibiting different reproductive modes. This preliminary biochemical survey was necessary given the few, and inadequate, available studies of the systematics of S. sulumundrra using molecular techniques (Fachbach, 1971; 1976; Gasser, 1975; 1978a) . In addition, the results reported here have allowed us to identify areas of contact, and possible gene flow, between groups characterized by distinct life history patterns. This information provided the necessary background to carry out more detailed analysis of the patterns of gene flow in the contact zones using mtDNA haplotypes (Dopazo, Boto and Alberch, submitted) and DNA sequencing (Garcia-Paris, Alcobendas and Alberch, submitted). (1987) . Tissues: H = heart, L = liver, M = muscle, P = plasma.
Material and methods
Thirteen populations
from the Northern part of the Iberian Peninsula were chosen along an east-west transect designed to include all the described subspecies in the region (Gasser, 1975; Fachbach, 1976; Gasser, 1987a) and to focus on the transitional areas between the viviparous and ovoviviparous reproductive modes (Tab. 1; Figs. 1 and 2). Specimens were freshly dissected for blood, heart, liver and muscle samples. Blood samples were centrifuged at 1500 rpm, separating the plasma supernatant and the red cell fraction. The other tissues were homogenized in a buffer solution (0.1 M Tris, 10-3 EDTA, 5 x 10m5 NADP adjusted to pH 6.8 with HCl; see Pasteur et al., 1987) and centrifuged. The supernatant of the different tissues, the plasma and the red cell fractions were stored at -70 C until use. The specimens will be deposited in the collections of the Museo National de Ciencas Naturales (MNCN), Madrid. Thirty four loci coding for proteins (including plasma proteins) were studied by means of standard horizontal starch-gel electrophoresis, using the histochemical staining procedures of Selander et al. (1971) Harris and Hopkinson (1976) and Pasteur et al. ( 1987) (see Tab. 2 for methodological details). Multiple loci arc designated numerically, the slowest migrating being the number 1; multiple alleles are designated alphabetically, the fastest (or most anodal) migrant being "a".
Genetic variation among populations was calculated using the Biosys-1 software (Swofford and Selander, 1981) . Modified Rogers genetic distances (Wright, 1978) were used to generate the Distance-Wagner unrooted tree (Farris, 1972) . The Distance-Wagner unrooted tree does not assume a constant evolutionary rate of the proteins and consequently shows a more realistic representation of the relations between the Operational Taxonomic Units (OTUs) compared (Swofford, 1981) . This procedure has been chosen in our study since Hillis (1985) and Shaffer et al. (1991) have shown it to be an adequate method to test the monophyly of the OTUs of a single taxon. Neighbour Joining (Phylip program; Felsenstein, 1989) , was also applied to our data set to generate an unrooted tree of phenetic distances. Phylogenetic analysis was carried out using the Continuous Maximum Likelihood (CONTML; Felsenstein, 1989) procedure to estimate phylogcnies from gene frequency data (Felsenstein, 1989) . The data were run ten times to increase the probability of finding the tree with greatest total likelihood. Following Shaffer et al. (1991) recommendation, to assess the robustness of the likelihood tree a jackknife test was applied to the data set. The results were summarised using the CON-SENSE program of Phylip. Because of the severe limitations of the CONTML procedure, estimates of phylogenies from distance matrix data under the additive tree model were carried out using the Fitch-Margoliash criterion (FITCH in Phylip programs). The programs were run ten times. The two procedures (CONTML and FITCH) do not assume an evolutionary clock.
The degree of correlation between genetic distance and geographic distance was explored by a Mantel test (MAXCOMP method in the NTSYS package; Rohlf, 1993). The populational level of genetic differentiation was explored using the standardized gene frequency variance F,, (we used BIOSYS-1 for its calculation) (Wright, 1965; Nei, 1977; Wright, 1978) . This value ranges theoretically from zero (all genetic variance is partitioned exclusively within populations) to one (genetic variance is partitioned entirely among populations). The Fz's parameter, or inbreeding coefficient, which ranges from -1 (excess of heterozygotes) to 1 (deficit of heterozygotes), measures the deviation from random mating in the populations. For each population, we report within brackets: the number assigned to the populations that correspond to the number in the map and the reproductive mode characteristic for the population. LAR.: birth of aquatic larvae; MET.: metamorphosed offspring: MIX.: mixed reproductive mode (larvae and metamorphosed).
The coloration pattern of the populations is also diagrammatically shown next to the corresponding branch.
Results
We identified 81 different electromorphs with the 34 loci examined among the thirteen populations studied here (Table 3) . Ten of these 34 loci are monomorphic (Ad-l, Fk, Fum, Gld, Hknl, L&-l, Mdh-1, MC, Pk, Xdh). An average of 1.46 alleles per locus is found, ranging from I .3 to 1.7 depending on the population.
Among the thirteen populations, there were no diagnostic alleles (i.e. fixed in all the individuals of just one of the populations; see Table 3 ). However, thirteen of the Xl alleles found in this study are present in just one of the populations, but generally in low frequencies. No exclusive alleles are found in the populations of Lanz, Covadonga, Palo and Oscos. Ucieda shows four exclusive alleles in four different loci (Ad-2, Gpi, Hkh, Ldh-2) Arguenos exhibits two of these alleles (Cd/r, Pgm) and the other seven populations just show one exclusive allele, at one locus.
Whichever method we used to analyse our data set, we always found the thirteen populations to be arranged into two distinct groups always including the same populations: the group A clustering Arguenos, Montseny, Pontevedra, Fonsagrada, Oscos and the group B composed of Lanz, Lindus, Ucieda, Oviedo, Fito, Cova- donga, Palo and Godan. In the first group, we find an unexpectedly close relationship between populations from the Pyrennean mountains in the Eastern corner of the Peninsula and our most western locality in Galicia, at the extreme opposite of our range. In the second cluster, the populations from the central region of our study area (Asturias and Cantabria) are found to form a single cluster (Fig. 3) . In each cluster, populations from different subspecies were pooled together: "terrestris" and "gallaica" in group A, "bernardezi" and "fastuosa" in group B. The Neighbor Joining tree shows group A encompassing all the populations with strict ovoviviparity and more or less regular blotched pattern of coloration, while the populations with striped coloration pattern, and strict or optional viviparity, form group B (Fig. 3) . The distance Wagner tree obtained with the modified Rogers genetic distance (Wright, 1978) identifies the same two clusters outlined above (Fig. 4) .
Further phylogenetic analysis, based on the continuous Maximum Likelihood (CONTML) method and the Fitch-Margoliash procedure (FITCH), were also performed. The unrooted tree obtained with the CONTML procedure (Fig. 5a ) shows very minor differences when compared with the distance Wagner tree (Fig.  4) . Only the positions of Palo and Godan are reversed in relation to the Wagner tree. In the likelihood framework, the placement of the nodes cannot be unambigu- ously resolved with our data set since internal branches have confidence intervals that include 0. In the latter tree, two groupings within cluster B appear unresolved: the relation between Palo and Godan, and the group formed by Ucieda, Oviedo and Fito. The tree obtained with the Fitch-Margoliash method provided additional confirmation regarding the clustering of the populations in two groups (Fig. 5b) . In group B, the populations which showed a new position in the Fitch-Margoliash tree were those which formed ambiguous nodes in the likelihood tree.
All the trees show that within each group, A and B, the populations dealing with different subspecies are not sorted out in a well defined fashion. For instance, in cluster B, Ucieda (S.S. fu.stuosa) is closer to Fito (S.S. hernardezi) than to Lindus (S.S. Jicstuosa). In cluster A, the Montseny population (S.S. terrestris) exhibits similar genetic distance to Arguenos (S.S. terrestris) than to Pontevedra (S.,s. gallaicu).
Genetic versus Geographic distance
Nei (1978) unbiased genetic distances (DN) and modified Rogers distances (D,; Wright, 1978) for all the inter-populational comparisons are shown in Table 4 When genetic distance is compared with geographic distance, there is no direct relation between the two variables. The most evident example is between Arguenos and Lindus, which exhibits the highest genetic distance (D, = 0.199) and a relatively short geographic distance ( 160 Km). Conversely, Montseny and Pontevedra, separated by 887 km, are related by a minuscule genetic distance of 0.025. The comparison of the two data sets, genetic distance and geographic distance using the MAXCOMP method, indicates that these two parameters are not correlated (r = 0.25 and p = 0.97 with 500 random permutations), as evidenced by the scattered diagram (Fig. 6) .
Genetic variability and heterozygosity Table 4 illustrates the genetic variability at thirty four loci within the thirteen populations studied. The number of heterozygotes in each population was always lower than the expected number from Hardy-Weinberg equilibrium. The differences are not significant in Fito, Lanz and Pontevedra while significant in the other ten populations studied (T test, P < 0.05). The highest level of heterozygosity (H = 0.123; P = 38.2) is found in Oviedo, while the lowest (H = 0.053; P = 26.5) in Montseny. Effective size of the populations highly influences heterozygosity values, but such data were not available for our populations.
F-Statistics (Wright, 1965; 1978) The Fst average is 0.403 for the thirteen populations. This value indicates that less than half of the measured genetic variance of these populations is partitioned among populations. The Fis parameter can be viewed as an estimate of the level of inbreeding in the populations. In our data set, the Fis parameter showed an average positive value of 0.388 (from 24 polymorphic loci, just 4 showed negative values, i.e. an excess of heterozygote while all the others exhibited positive values indicating a deficit in heterozygotes).
Discussion
The results of this study strongly support the hypothesis that the viviparous and ovoviviparous populations of Sulumandrru salumandru are conspecific. The genetic distances among the populations sampled (D,,; from 0.05 to 0.199), fall well within the intraspecific ranges reported for other salamandrids and urodeles in general (for example, see Nascetti et al., 1988; Good and Wake, 1992; Highton et al., 1989; Highton, 1990; Macgregor et al., 1990; Tilley et al., 1990; Arano et al., 1991) . The absence of fixed alleles in our populations suggests the presence of gene flow and constitutes further support for the single species hypothesis. In some plethodontid species, at the intraspecific level, a high degree of life history variation with a low level of gene flow is sufficient to maintain the conspecificity of the populations (Tilley and Bernardo, 1993) .
Traditionally, the populations of Sulumundra salamandra in the Northern Iberian Peninsula have been taxonomically subdivided into four different subspecies based on coloration patterns (Mertens and Muller, 1940; Thorn, 1968) blood protein analysis (Gasser, 1975; Fachbach, 1976; Gasser, 1978a) , and in the case of S.S. hernardezi, the strict occurrence of direct development (viviparity) (Wolterstorff, 1928; Hillenius, 1968; Joly, 1968; Thiesmeyer and Haker, 1990; Dopazo and Alberch, 1994) (Fig. 2) . We can update this scheme by proposing two well corroborated taxonomic groupings: A ~ "terrestris" and "gallaica"; B -"bernardezi"
and "fastuosa". This division correlates with phenotypic characteristics (striped (B) versus blotched (A)) and reproductive modes (ovoviviparity (A) versus viviparity, including populations where this mode is not fixed (B)).
A systematic revision is beyond the scope of this paper (comprehensive studies on the biogeography and systematics of Iberian Salamandra based on allozyme data (Alcobendas, Garcia-Paris and Alberch, submitted) and DNA sequence variability (Garcia-Paris, Alcobendas and Alberch, submitted) have been recently completed). The pattern of relationship outlined in this paper, however, allows us to advance two hypothesis: one, the four subspecies involved in our study (terrestris, gulluica, hernardezi and,fastuosu) most likely are paraphyletic assemblages without biological meaning as evolutionary entities; and two, the data are consistent with viviparity evolving just once in the group.
The clear lack of correlation between genetic and geographic distances points towards a complex evolutionary history for the group in the region (Fig. 6) . That is, we are not dealing with a straightforward process of gradual radiation and diffusion throughout the region as evolutionary diversification proceeded. The resulting pattern of populational variability and lineage relationships results from a combination of biological characteristics that affect the dynamics of population genetics parameters, as well as the presence of geographical barriers (Pyrenees and Cantabrian mountain ranges). Furthermore, the process is complicated by a complex sequence of secondary contacts that resulted from two distinct evolutionary "radiations", each being associated with asynchronous colonization events, correlated with the history of glacial activity in the region (Lopez-Martinez, 1989; Real-Gimenez, 199 1) .
The first ingredient in our reconstruction of the evolutionary history of S. salamandra in the Northern Iberian Peninsula involves the species specific populational dynamics as indicated by heterozygosity levels and Fst values. Low levels of gene flow and high values of Fst result in the regional fragmentation of the species into units composed of a single population, or groups of populations that remain isolated during long periods of time (Larson et al., 1984) . This feature effectively allows the isolated units to evolve independently, as argued by Gill ( 1979) (Larson, 1984; Wake and Yanev, 1986; Good et al., 1987) . For Triturus itulicus, the value of Fst, for 11 studied populations, was 0.448 (Ragghianti and Wake, 1986) . Following these authors, we assume that the simultaneity of low genetic distance and high Fst values indicates that part of the species has been isolated with little or no gene flow for extensive periods of time. This situation is also observed in the fragmentation of Sulumundru s&mun~lru described above. Nevo ( 1978) reports heterozygosity levels ranging from 0.033 to 0.109 for some species of urodeles. For Rhyucotriton (Good et al., 1987) and Ensutinu eschscholtzii (Wake and Yanev, 1986) this parameter ranges from 0 to 0.145 and from 0.019 to 0.250 respectively. Therefore, the heterozygosity found in S. xdumundru populations (from 0.055 to 0.123) does not diverge from the range of values observed in other species of urodeles. Moreover, a tendancy towards heterozygote deficit is significant for 10 of the 13 populations sampled (Table 4) . When the Hardy-Weinberg equilibrium is modified, and associated with an heterozygote deficit, the mating system of the species is characterized by inbreeding (Crow and Kimura, 1970) . Such a modified equilibrium observed in 10 of our 13 populations suggests that in Sulumundru sulumundru, the heterozygote deficit had to be the result of an increase in inbreeding. Furthermore, the always positive Fis values suggest non random mating.
As mentioned previously, besides populational traits such as inbreeding and limited dispersal, the gene pool fragmentation is accentuated by historical factors and geographic barriers. The existence of two separate radiations in the region was already suggested by Gasser ( 1987b) , who argued that they occurred as a consequence of the Iberian Peninsula acting as a refugium during glacial periods. Our data do not enable us to comment on the specific timing of the two events. We propose that the viviparous populations from Asturias ("hernardezi") and their Eastern neighbors from Cantabria, Navarra and Southwestern France exhibiting intrapopulational variability in reproductive modes ("j&tuosu") represent a separate radiation. The other lineage -reflection of an independent historical eventincludes strictly ovoviviparous forms that have been ascribed to the subspecies "ttwestris"
and "gulluica". Such a scenario clarifies some apparently paradoxical results. Thus, when geographic distances are superimposed on our hypothesis of lineage relationships derived from the Continuous Maximum Likelihood method, we observe that the highest genetic distance occurs between the populations of Arguenos and Lindus, (D, = 0.199) which are separated by a relatively short geographic distance, but one that includes the Pyrenean mountains (Fig. 5a) . Conversely, the populations of Montseny and Arguenos, also separated by the Pyrenean mountains, and a longer geographic distance, show a D, of just 0.034. On this basis, we may suggest that the Northern and Central European Sulumandru are closer relatives to our group A. Thus, we tentatively postulate a wider radiation of group A throughout the Northern Peninsula (e.g. Montseny/Pontevedra separated by 887 Km, and just a D, of 0.025) and spreading into France. The "viviparous" group is isolated into a relatively small enclave bounded by the Atlantic ocean and the Cantabrian and Pyrenean mountains. This geographic isolation favoured an independent evolution of these groups.
In conclusion, the viviparous populations of Sulumundru sulumundru from Northern Iberia are part of a distinct lineage that includes populations exhibiting strict viviparity as well as others showing variability in reproductive modes. The viviparous lineage represents an independent, and probably earlier radiation, of the species in Northern Spain. The data shown in this paper suggest the existence of exchange between the two basic gene pools. A more detailed analysis of the dynamics of genetic interchange in the areas of secondary contact is postponed to the second part of this study where we integrate the data reported here with new results on geographic variability of mtDNA haplotypes (Dopazo, Boto and Alberth, submitted).
The insights provided by the survey of microevolutionary patterns of geographic variation in molecular traits introduced here and in the accompanying papers provide an evolutionary background against which we can address the processes of evolution of life history strategies, and the genesis of terrestrial reproduction ("viviparity") , in this species of urodeles.
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